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Abstract 
Water biostability is a major concern in water distribution system due to health risk. The conventional parameters are usually 
time-consuming and do not provide rapid results allowing for immediate action. Instead of measuring the final bacterial growth 
in water samples to reflect water biostability, the initial variations of bacterial growth by measuring ATP (Adenosine 
Triphosphate) in a series of diluted water samples were analysed in this study. The standard deviations and maximum variation 
ranges of bacterial growth to different AOC (Assimilable Organic Carbon) concentrations were individually compared. Results 
showed that standard deviations and maximum variation ranges of bacterial growth in water samples below a fixed AOC 
concentration were larger than those with higher AOC concentrations. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Biological processes such as bacterial regrowth in pipes and on valves or in filters are known to affect taste and 
odour, visual appearance, or hygienic quality of drinking water [1][2]. Biostability was defined as the inability of a 
water or material to support microbial growth [3]. The occurrence of microorganisms is a health risk and water 
biostability is the major limiting factor for heterotrophic bacterial growth in drinking water distribution system. 
Conventional determination methods of water biostability have been developed in the last decades, which were 
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AOC, MAP (microbial available phosphorus), BRP (bacterial regrowth potential) and BDOC (biodegradable 
dissolved organic carbon) [4][5][6][7]. 
Usually, the concentration of assimilable organic carbon (AOC) is determined to assess biostability of drinking 
water. The AOC is the portion of the dissolved organic carbon (DOC) that can be converted into biomass which is 
an important indicator for measuring water biostability (Huck et al. 1990), reflecting the microbial regrowth 
potential. AOC bioassay is based on the linear relationship between AOC concentration and bacterial batch 
maximum growth in water from inoculation to stationary phase, and uses bacterial maximum growth to calculate 
AOC value expressed in the equivalent form of acetate carbon (acetate-C) concentration. Moreover, the 
measurements of MAP and BRP are also based on the relationship between nutrient substrate concentration and the 
bacterial batch maximum growth from inoculation until stationary phase [8]. BDOC is to measure the fraction of 
biodegradable compounds, which can be considered the portion of DOC (dissolved organic carbon) that can be 
mineralized by heterotrophic micro-organisms, expressed by the decrease of DOC in an inoculated sample after a 
given period of incubation [10]. There is the conceptual difference between AOC and BDOC, for AOC is the 
portion of the DOC converted into biomass, while BDOC corresponds to the difference between initial DOC and 
minimum DOC reached in the bacterial growth period [9]. So the parameters such as AOC are preferred to be used 
to assess water biostability compared with BDOC. Since AOC, MAP, and BRP all need to get bacterial batch 
maximum growth from inoculation until stationary phase, and usually performed as an “end-point” measurement 
like AOC bioassay [11], these bioassays require a relative long-time determination process to get the maximum 
growth of bacterium. 
The level of water biostability depends on some complex factors, which include concentration of readily 
biodegradable organic carbon compounds, water temperature, and water residence time [12][13][14]. Its indicators 
should be consistent with regrowth potential of heterotrophic bacteria. In addition, the existed parameter 
determination processes are mostly time-consuming. Therefore, how to indicate rapidly regrowth potential is very 
important to assess water biostability. The relationship between different levels of water biostability and variations 
of initial bacterial growth to TOC was found in the study, which was proved useful for designing a rapid bioassay 
with further comprehension of water biostability. 
2. Materials and methods 
2.1. Bacterial strain and water samples 
The test bacterium was Pseudomonas fluorescents (P17), which was stored in a solution of 20% glycerol-2% 
peptone at -20 °C. The cultures were retrieved on R2A agar before use, and incubated at 22°C for 5 days. An 
isolated colony was selected to be inoculated 100 ml of sterile, chlorine-neutralized tap water for adaptation, then 
adaptation tap water were incubated at 22°C for 7 days. An aliquot (0.1 ml) of the tap-water-adapted culture was 
used to inoculate 100 ml of a sodium acetate solution with 2,000 μg acetate-C L-1. The sodium acetate solution was 
incubated at room temperature for 2-6 months [15]. Bacterial counts of inoculum were generally in the range of 6.4
h106 to 8.3h106 CFU/ml. The sodium acetate solution was used as a working stock culture to inoculate the 
dilution series of water sample and the sodium acetate solution. The water samples determined in the study were 
sodium acetate solution and tap water. 
2.2. Preparation of TOC-free materials and TOC analysis 
Borosilicate glass vials (45 ml) with screw caps containing TFE-lined silicone septa were used in the condition of 
Carbon-free. Glassware was firstly rinsed with tap water and then submerged for 30 min in potassium persulfate 
solution followed by 3 times nanopure water rinses before heated at 60Ԩ or 260Ԩ for at least 8 hr. After rinsed with 
nanopure water, the screw caps were soaked in a 10% (wt/vol) potassium persulfate solution at room temperature for 
1 hr. Then, they were rinsed several times with nanopure water and finally air-dried at 60ć. 
TOC was measured as non-purgeable organic carbon with a Total Carbon Analyzer TOC-5000(A) (Shimadzu). 
Aliquots of the migration water (20 ml) filtered with the 0.22 μm filter were transferred into a C-free TOC vial. 
After stripping CO2 with CO2-free air, three times 50 μl were injected into the TOC analyzer for measurement. The 
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TOC concentration of the sample was the average of the three measurements. To prepare a calibration curve, a stock 
solution of sodium acetate solution with 2,000 μg acetate-C per liter was diluted by nanopure water to obtain 
solutions with carbon concentrations between 0 and 2,000 μg acetate-C L-1. 
2.3.  Adenosine tri-phosphate (ATP) determination and equation to calculate specific growth rate (μ) 
To determine ATP value, 100 μl water sample were mixed thoroughly with 100 μl the solution of BacTiter-Glo™ 
(Promega Corporation) to be incubated at room temperature for about 20s. Then luminescence of the sample was 
measured in two kinds of luminometers (GloMax20/20 and 96GLO). The data were collected as absolute light units 
(AU) to calculate μ of P17.  
The specific growth rate (μ) was calculated by the function: 
ln( 1/ 0)AU AU
t
P  '   (1) 
μ is the specific growth rate, ̲t is the incubation period, AU0 and AU1 are the ATP values expressed in the 
form of absolute light unit at the beginning and end of the incubation period. 
3. Results and discussions 
3.1. Tap water sample experiment 
There are three experiment repeats for the tap water sampled in the same site. After TOC determination, water 
samples were firstly diluted to two folds series with a total volume of 10 ml in the borosilicate glass vials (45 ml). 
The series of the diluted solutions were inoculated respectively by 20 μL of the working stock culture, and then 
incubated at 30ć for 1 hr. The curves on Fig.1 showed the relationships between μ1 (specific growth rate for the 
first 1 hour after inoculation) to TOC of three diluted tap water samples with different initial TOC values (Fig. 1: a, 
1634 μg/L; b, 1600 μg/L; c, 1000 μg/L). There was a similar phenomenon in the experiments of three different tap 
water samples, in which the significant turn-point existed at a relatively fixed TOC values from 204 μg/L to 250 
μg/L. The curve trend after the fixed TOC value was more stable than that before it, which meant there was a turn-
point TOC value for bacterial growth caused the assimilability of the nutrients. For there were two functions of 
organic carbon sources, one was to maintain lives of bacteria, another was to support the reproduction of bacteria, it 
is possible to explain the turn-point TOC that bacterial ATP variation characteristics to TOC were different between 
the maintainable and reproduction growth conditions. In the dilution series, the TOC value of the maximum dilution 
should be low enough to show the wavy changes of the relationship between μ to TOC of water sample.  
3.2. Sodium acetate solution experiment 
Water biostability would become more stable with the decrease of AOC (assimilable organic carbon) in water 
sample, the sodium acetate solution was determined as standard organic carbon solution. Based on the theory of 
AOC bioassay, with only acetate-C as standard carbon source, TOC equals AOC of the sodium acetate solution. 
This relationship between the turn-point TOC and AOC was built as follows. There were nine determination 
experiments of three sodium acetate solutions with 891.5 μg/L of TOC (Fig.2), 445.7 μg/L of TOC (Fig.3) and 
222.8 μg/L of TOC (Fig.4) values, each solution for three repeats individually (μ1: specific growth rate with 1 hr 
inoculation; μ0: specific growth rate with 15 min inoculation). Fig. 2, 3 and 4 consistently showed that the fixed 
AOC value for μ1 to AOC value was in the range of 27.85-111.4 μg/L, and for μ0 to AOC value was in the range of 
111.4-222.8 μg/L which were consistent with the common range of 10-100 μg/L AOC value of bio-stable water 
[16], especially for the relationship between μ1 and AOC. Therefore, the results implied the water sample with a 
AOC value under turn-point AOC shown in the curve should be bio-stable. In addition, in this part, the comparison 
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of the relationships between μ1 to AOC and μ0 to AOC showed that the growth variation were more fluctuating for 
μ0 than that of μ1. 
3.3. Statistical analysis of experimental data 
To get more accurate turn-point AOC value, the data from 9 repeated experiments were analysed to get the SD 
(standard deviation) values and the variation ranges from the minimum data to the maximum data of 10 data groups 
(as shown in Table 1) of μ1 to different AOC at the same experimental conditions. Moreover, the curve of SD 
values to AOC concentrations was shown as Fig.5, which also indicated an obviously decrease of SD over the 
specific AOC value (55.7 μg/L), which corresponded to the turn-point AOC referred above. Meanwhile, the result 
indicated that the SD value of more bio-stable water were about 0.1 to 0.3 higher than that of less bio-stable water 
with higher AOC value than the fixed value. The SD results showed the specific growth rate data by measuring 
bacterial ATP were more scattered of bio-stable water with AOC smaller than the turn-point AOC value. And the 
same conclusion was confirmed by another data analysis method by comparison of variation ranges of the 
experimental data from minimum to maximum at each AOC concentration condition (shown in Fig.6). 
 
Fig. 1 Relationships between μ1 to TOC of the diluted tap water sample (μ1: specific growth rate for the first 1 hour after inoculation), three 
repeats for the tap water sampled at the same site with the different initial TOC (a: 1634 μg/L; b: 1600 μg/L; c: 1000 μg/L) 
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Fig. 2 Comparison of relationships between μ0 to TOC (a, b and c) and relationships between μ1 to TOC (A, B and C) of the diluted sodium 
acetate solution with 891.5 μg/L of TOC for three repeats (μ1: specific growth rate for the first 1 hour after inoculation; μ0: specific growth rate 
for the first 15 minutes after inoculation)  
 
Fig. 3 Comparison of relationships between μ0 to TOC (a, b and c) and relationships between μ1 to TOC (A, B and C) of the diluted sodium 
acetate solution with 445.7 μg/L of TOC for three repeats (μ1: specific growth rate for the first 1 hour after inoculation; μ0: specific growth rate 
for the first 15 minutes after inoculation) 
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Fig. 4 Comparison of relationships between μ0 to TOC (a, b and c) and relationships between μ1 to TOC (A, B and C) of the diluted sodium 
acetate solution with 222.8 μg/L of TOC for three repeats (μ1: specific growth rate for the first 1 hour after inoculation; μ0: specific growth rate 
for the first 15 minutes after inoculation) 
Table1. Data analysis of μ1 values at different AOC concentrations from 9 repeated experiments in the same conditions (μ1: specific growth rate 
for the first 1 hour after inoculation)  
AOC value Experimental number data analysis 
NaAc 1 2 3 4 5 6 7 8 9 Max Min SD 
μg/L 
μ1 
˄hr-1˅ 
μ1 
˄hr-1˅ 
μ1 
˄hr-1˅ 
μ1 
˄hr-1˅ 
μ1 
˄hr-1˅ 
μ1 
˄hr-1˅ 
Μ1 
˄hr-1˅ 
μ1 
˄hr-1˅ 
μ1 
˄hr-1˅ 
μ1 
˄hr-1˅ 
μ1 
˄hr-1˅ 
standard  
deviation 
0 0.99091 0.70492 0.22821 -0.58918 -0.54362 -0.18057 -0.70893 0.58191 1.02401 1.02401 -0.70893 0.69313 
3.48 -0.06783 1.5525 0.36128 -0.9279 -0.66299 -0.16188 -0.09723 0.67186 0.71415 1.5525 -0.9279 0.76082 
6.96 -0.70203 -0.93389 0.08845 -0.26233 -0.75801 0.07408 -1.12393 0.6615 0.41059 0.6615 -1.12393 0.62959 
13.93 -0.56138 -0.01018 -0.02436 -0.69309 0.18589 0.01435 -0.83108 -0.27909 1.41543 1.41543 -0.83108 0.66472 
27.85 -0.66815 -0.01146 0.04218 -0.60902 -0.25367 0.17885 -0.83108 1.26253 0.25214 1.26253 -0.83108 0.6343 
55.7 -0.11981 -0.20705 0.01991 -0.62736 -0.00605 -0.23183 -1.3252 0.23679 0.39406 0.39406 -1.3252 0.51056 
111.4 0.06384 -1.32274 -0.16267 -0.52987 -0.15416 -0.3124 -0.66264 0.34937 0.00349 0.34937 -1.32274 0.48948 
222.8 -0.08627 -0.38509 0.45935 -0.58188 -0.36259 -0.10311 -1.04407 0.57964 0.34416 0.57964 -1.04407 0.52883 
445.7 0.38404 -0.03845 -- -0.25032 -0.58779 -- -1.4403 0.088 -- 0.38404 -1.4403 0.55981 
891.5 0.71024 0.0053  -0.20064 -0.58568  -0.58568 -0.09272 -- 0.71024 -0.58568 0.45416 
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Fig. 5 Relationship between SD to AOC value from 10 data groups shown as Table 1 (SD: standard deviation) 
 
Fig. 6. The ranges from minimum to maximum at different AOC values from the 10 data groups shown as Table 1 
1. Conclusions 
Van der Kooij [4] has established a AOC bioassay with an equivalent acetate-C by determining the maximum 
bacterial growth to indicate the regrowth potential of water and the corresponding long bacterial incubation made it 
a long-time process. However, the results in this study indicated that water biostability could be built a relation with 
water quality by determining the variation range of bacterial growth rate calculated from the two ATP values at the 
beginning and the end of initial inoculation. There could be different data characteristics between bio-stable water 
and bio-unstable water, which required more experimental research to explain the phenomenon shown in this study. 
By studying the relationship between the initial growths to AOC of water sample, a AOC value was found to be a 
turn-point for bacterial growth which was in the range of 27.85-111.4 μg/L. Meanwhile, the AOC value range was 
consistent with the AOC range (10-100 μg/L) of bio-stable water. This study showed water with the AOC smaller 
than the turn-point AOC value were more bio-stable which also confirmed by statistic analysis of 9 repeats of the 
experiments. Therefore, the experimental study showed it was possible to rapidly and roughly judge if a water 
sample was bio-stable based on the relationship between the initial growth to AOC values by dilution incubation 
method. 
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